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In Brief
Miriyala et al. discover that galeal sensilla on the bumblebee's proboscis (mouthparts) have two gustatory receptor neurons (GRNs) that exhibit bursts of spikes in response to stimulation with sucrose. Bursting in these neurons depends on sugar value, is facilitated by gap junctions, and permits these neurons to resist sensory adaptation.
INTRODUCTION
Sensory systems in animals have arrays of peripheral neurons where each individual neuron independently responds to the information that it perceives. Studies of the retina and the insect olfactory system indicate that in some cases, neighboring primary sensory neurons interact [1, 2] . For example, a recent report from Drosophila showed that olfactory sensory neurons within the same sensillum mutually inhibit one another [2] . However, the generality and functional relevance of such interactions in the chemical senses remains obscure.
Gustatory sensory neurons in insects detect the identity and concentration of chemical compounds and translate information about them into action potentials (spikes). This encoding occurs in part through the specificity in receptor expression within the peripheral neurons [3] [4] [5] , as well as through the rate and pattern of the spiking response [6] [7] [8] . In most insects, the dendrites of 2-4 gustatory receptor neurons (GRNs) are encapsulated within hair-like sensilla [6] , with each GRN expressing receptors that bind to tastants belonging to a specific taste category [3, 9] . For example, in Drosophila, sugars like sucrose elicit spikes from a single ''sweet-responsive'' GRN per sensillum that expresses several gustatory receptors that are sensitive to sugars [3, 10] . GRNs that spike in response to stimulation with sugars typically increase their rate of firing as a function of stimulus concentration [11] [12] [13] [14] . The pattern of the spike train is also thought to be relatively simple. In several insect species, including Drosophila, individual sugar-sensing GRNs produce a brief increase in the rate of spiking during the first $200 ms of stimulation that adapts rapidly to a tonic level with prolonged stimulation [6, 10, 15] . Deviations from this pattern are rare (but see [16] and [17] ). Inhibitory interactions among GRNs have been reported only once before from the gustatory sensilla of insects [18] .
Bee species collect and consume floral nectar, a solution composed mainly of sucrose, glucose, and fructose [19] . Bee GRNs have only rarely been studied, and most studies are of honeybee GRNs. Here, we recorded from GRNs on the mouthparts of adult worker bumblebees (Bombus terrestris) to determine how sugar concentration is encoded. We found a novel, coherent temporal pattern of GRN activity characterized by bursts of rapid spiking that arise from gap-junction-mediated inhibitory coupling between two GRNs within the same gustatory sensillum. This coupling affected GRN spike timing by reducing the rate of spike-frequency adaptation during the first 1 s of stimulation. Burst firing in GRNs was a function of sugar concentration and depended on sugar identity. In contrast to other sensory neurons and other insect GRNs, bursting bee GRNs maintained a high frequency of spiking during prolonged sugar stimulation, and only sugar concentrations that evoked bursting promoted robust feeding behavior. The burst structure was associated with a low variance in ISI, which increased exponentially as the GRNs adapted. When bees were allowed to feed, we found that the duration of their first feeding bout correlated with the period over which the structured burst spiking was observed ($7-10 s).
palps, and the glossa ( Figure 1A ; [20] ). While all proboscis parts have gustatory sensilla, we focused our investigation on the most prominent, A-type sensilla of the galea ( Figure 1B ). Cross-sections taken near the mid-point of an A-type sensillum revealed the dendrites of 4 GRNs ( Figure 1C ). To measure the responses of these GRNs to tastant stimulation, we used an extracellular, two-channel recording method (i.e., tip-tungsten recording; see STAR Methods). Surprisingly, stimulation of the A-type sensilla with 100 mM sucrose evoked a spiking response not seen in other insect GRNs. The sugar-sensing GRNs from these sensilla exhibited bursts of spikes riding on a lowfrequency oscillation ( Figure 1D ). Both the spiking and oscillatory components of the response were restricted to the stimulation period ( Figure S1A and S1B).
We observed distinct spike waveforms ( Figure 1E ), as well as superposition waveforms ( Figure 1F ), that arise when multiple neurons fire within a small time window coinciding with the absolute refractory period (i.e., within 2 ms). Using quantitative spike sorting techniques ( [21, 22] , see STAR Methods), we found that two GRNs were activated by sucrose stimulation, which we now refer to as GRN 1 and GRN 2 (1 s stim with 100 mM sucrose; Figure 1E and 1F) . GRN 1 fired at a rate of 81 ± 15 spikes/s, and GRN 2 fired with a slower rate of 17 ± 7 spikes/s (mean ± SD; n = 5 recordings, 5 animals). An average of 10 ± 4 superpositions of the GRN 1 and GRN 2 spike waveforms were detected for each recording.
The sucrose-responsive GRNs were distinct from the mechanosensory neuron ( Figure S1C and S1D) . Additionally, the burst response did not involve a water-responsive GRN, as a majority of the A-type sensilla (> 90%; 80 sensilla from 26 animals) did not evoke a spiking response when stimulated with distilled water. In contrast, B-type sensilla did possess a water-responsive GRN, but it was silenced by the presence of sucrose at higher concentrations ( Figure S1E and S1F).
The positions of the GRN 1 and GRN 2 spikes were consistent within the burst structure: more than 95% of the bursts had a series of GRN 1 spikes within the bursts followed by a single (G) Left: a rose plot derived from a Hilbert's transform on 10-100 Hz filtered tungsten traces using 1 s of recording. Right: a sample unfiltered tungsten recording trace shows the typically observed coherent spike timing of both GRNs; GRN 1 fires within bursts around the peak of the oscillation, and GRN 2 fires a single spike at the end of bursts near the falling phase of the oscillation. Data for (E-G) were obtained from the recording shown in (D). See also Figure S1 .
from GRN 1 and one from GRN 2. A silent period of $29 ± 7 ms followed the GRN 2 spike or superposition at the end of each burst. The frequency of the oscillatory component ranged from 17-27 Hz with an average of 22 ± 5 Hz (SD, n = 5 recordings, 5 animals). GRN 1 fired near the peak of the oscillatory component with a mean phase of 17 ± 72 (mean ± SD), and GRN 2 spikes were positioned on the negative slope with a mean phase of 83 ± 36 ( Figure 1G ). The trough of the oscillation was consistent with the silent period between bursts. For all subsequently presented unsorted recordings, spikes within bursts will be assumed to be spikes from GRN 1, and spikes at the end of bursts from GRN 2.
Sensory input from the GRNs is integrated in the sub-esophageal zone (SEZ) of the insect brain. To verify that the bursting was transmitted downstream toward the SEZ, we made recordings from the axons of galeal GRNs in the maxillary nerve (MxN) while stimulating an A-type sensillum with 100 mM sucrose (Figure 2A ). Bursting activity and the oscillations from both classes of GRNs were transmitted along the axons ( Figure 2B ). We also tested whether the burst structure arises from the activity of GRNs local to a specific sensillum. We used the tip recording technique to record and stimulate from the GRNs of two neighboring A-type sensilla while recording activity from the maxillary nerve (Figure 2C ). These recordings revealed that the activity of GRNs in different sensilla were not correlated ( Figure 2D ), which indicates that GRN activity within a sensillum is independent of activity in neighboring sensilla.
Bursting could play a variety of roles in these neurons: it could affect the rate of adaptation to stimulation, it could be involved in coding the stimulus features (e.g., sugar identity and/or concentration), and it could potentially be important for coordinating mouthpart movement. We performed a series of experiments to investigate each of these potential functions in B. terrestris galeal GRNs.
Bursting GRNs Are Slow to Adapt Chemosensory neurons are often characterized by rapid spikefrequency adaptation in response to prolonged stimulation [6, 10, 15] . In the bumblebee, the spike frequency of GRN 1 barely adapted during the first 2 s of stimulation with 100 mM sucrose; its ISI increased at a rate of only 3.3 ± 5.4 ms/s (median ± IQR; n = 38 animals, 1 recording per animal; Figure 3A ). In comparison, the rate of adaptation of GRN 2 was 83 faster (25.8 ms/s).
Further, the adaptation rate of GRN 1 depended on GRN 2. When the spike frequency of GRN 2 was high (i.e., when GRN 2 had an ISI < 0.06 s), the GRN 1 rate of spiking at the start of each burst accelerated (i.e., plots of ISI within each burst had a negative slope, Figures 3B and 3C ). An acceleration in spiking is the opposite of what would be expected if a GRN was adapting. The high-frequency GRN 2 spiking and the associated acceleration of GRN 1 within bursts was observed within most recordings only during the first 0.8 s of stimulation ( Figure 3D ). Over the course of prolonged stimulation, however, the spike frequency of both GRNs decreased ( Figures 3D and 3E ). To investigate the adaptation dynamics of the GRNs, we stimulated the A-type sensilla with 100 mM sucrose for 30 s ( Figure 3E ). As before, the initial portion of the response was characterized by the structured burst firing of both GRNs. As time progressed, . The cross-correlation between the cumulative spike times across both sensilla (S1+S2) and the MxN (magenta trace). Bottom: a cross-correlogram between the 10-60 Hz filtered recordings from S1 and S2 shows an absence of correlation in low-frequency components (black trace). Adding these low frequencies from both sensilla (S1+S2), however, does show coherence with the MxN (magenta trace), indicating that the MxN carries the oscillatory components of both sensilla. Crosscorrelograms in both panels are averages over 3 trials from the same sensillum.
the burst structure changed as the GRNs adapted. For recordings that exhibited strong, consistent bursting (> 10 GRN 2 spikes in the first 1 s of stimulation), the spiking of both GRNs remained coherent for the first 7 s (low variance in ISI; Figure S2A ). After 7 s, the burst structure changed, and the ISI variance increased exponentially. Spike-time cross-correlation analysis revealed that the firing of GRN 1 was strongly inhibited by GRN 2 spikes for as long as 25 ms after GRN 2 fired ( Figure 3F ). In addition, this analysis showed that GRN 1 spikes occurred with half of their expected frequency at 2 ms prior to each GRN 2 spike ( Figures 3F and S2B) . Thus, the activity of GRN 1 strongly depends on the presence of a GRN 2 spike, and the activity of GRN 2 weakly depends on GRN 1.
The longer, 30 s recording revealed how the dynamic structure of the spiking of GRN 1 was affected by GRN 2. In recordings with strong bursting, the total rate of GRN 1 spiking increased over the first 0.8 s of the recording, reached a plateau, and then had a steady rate of decline of $2 spikes/s for the period between 1-10 s of the recording ( Figure 3G , red trace). At 10 s into stimulation, the rate of adaptation of the GRN 1 slowed to $0.3 spikes/s. By comparison, GRN 1 in recordings with little or no bursting (i.e., < 10 GRN 2 spikes in the first 1 s of stimulation) exhibited a steady decline in firing up to 10 s (Figure 3G , blue trace). Thus, as we found previously, the rate of spiking-and thus, the rate of adaptation of GRN 1-depended on the activity of GRN 2. The burst structure dissolved as the both GRNs adapted to the stimulus.
Pharmacological Blockade of Gap Junctions Eliminates Bursting
Our previous experiments indicate that GRN 1 and GRN 2 are coupled. Chemical synapses do not exist between GRNs. However, the close proximity of the dendrites within the A-type sensilla ( Figure 1D ) could make it possible for gap junctions to exist between the GRNs or could facilitate an ephaptic lateral interaction. For ephaptically coupled neurons, the electric field associated with the spiking activity of one neuron alters the excitability of its neighboring neuron (e.g., [2] ). It is unlikely that what we observe involves an ephaptic interaction, as such interactions are $103 shorter than the $0.3 s inhibitory period we observed following the GRN 2 spike ( Figure 3F ; [23, 24] ). On the other hand, ion flux through gap junctions has been shown to mediate transmission of long-duration, hyperpolarizing currents [25, 26] .
To test whether gap junctions could play a role in the interaction between GRN 1 and GRN 2, we exposed individual sensilla to the gap junction blocker, carbenoxolone (CBX, applied as carbenoxolone disodium salt [27, 28] ; see STAR Methods). After a 2 min exposure to 10 mM CBX, we found that the burst response was suppressed when stimulating with 100 mM sucrose ( Figures 4A and 4B) . Spike sorting the traces revealed that GRN 2 ceased firing after exposure to CBX ( Figure 4C ). Importantly, we found that the rate of adaptation of GRN 1 was significantly faster over the 5 s interval when GRN 2 was absent due to CBX knockdown ( Figure 4D The rate of adaptation changed substantially over the whole recording after exposure to CBX, but not for the initial or recovery stimulations with sucrose (Table S1 ). The effect of CBX on the firing of GRN 2 was dose dependent ( Figure S3A and S3B). We performed two sets of controls to confirm that the effect of CBX was due to its action on a gap junction and not on the gustatory receptor or due to the osmolarity of the solution (Figure S3C-S3H) . Mixtures of CBX in sucrose applied to the sensilla did not suppress the sugar-sensing GRNs ( Figure S3C and S3D) and did not activate a GRN in the first 1 s of stimulation (2 ± 2 spikes [mean ± SD], n = 7 recordings, 7 animals). Further, 10 mM CBX did not affect the initial firing rate of GRN 1 when stimulated with sucrose ( Figure S3E ). However, prolonged exposure to 10 mM CBX did cause fluctuations in membrane potential and rapid spiking later in the recording similar to that observed with exposure to quinine in other insects ( Figure S3F ; [8, 29] ). Application of NaCl using the same protocol did not significantly influence the firing of GRN 2 between all three stimulation protocols, nor did it influence the rate of adaptation of GRN 1 ( Figure S3G and S3H) . Thus, our data indicate that the bumblebee's GRNs are gap-junction coupled to produce a burst spiking response. These data are the first to indicate that burst firing is a mechanism that reduces the rate of adaptation in neurons. Figure S3 and Table S1 .
Bursting Bee GRNs Have the Slowest Rate of Adaptation of Any Insect
The coherent burst structure reported here for B. terrestris has not been observed in any other insect species. To observe whether this feature was common to bee species, we recorded from galeal mouthpart sensilla of the common carder bumblebee (Bombus pascuorum), the honeybee (Apis mellifera), the garden bumblebee (Bombus hortorum), and the red-tailed bumble bee (Bombus lapidarius) ( Figure 5A ). These recordings demonstrated that bursting is a feature that is common to the proboscis GRNs of bee species. Unlike bumblebee GRNs, most sugar-sensing GRNs in insects adapt rapidly from stimulus onset. We compared the rate of adaptation from the mouthpart GRNs of several insect species stimulated with sucrose (80-100 mM; Figure 5B ). Examples we could identify from the literature include the fruit fly (D. melanogaster [30] ), Mediterranean fruit fly (C. capitata [31] ), tobacco hornworm larva (M. sexta [32] ), blowfly (P. regina [33] ), cabbage white butterfly caterpillar (P. brassicae [7] ), and mosquitoes (A. gambiae [14] ; A. aegypti [34] ). The firing rate of sucrosesensing GRNs in Drosophila, mosquito, and tobacco hornworm larvae is high within the first 100 ms and drops or almost ceases spiking within 1 s of stimulus onset. The GRN 1 of bumblebees (B. terrestris and B. pascuorum) had the highest rate of firing (i.e., the shortest ISIs) over a 5 s period of stimulation. In these bee species, GRN 1 also had the lowest rate of adaptation over a 5 s interval (B. terrestris: 2.0 spikes/s; B. pascuorum: 1.3 spikes/s) of all the insect species we compared. Interestingly, recordings from GRNs of the honeybee galeal sensilla showed that they also exhibit a slow rate of adaptation (2.1 spikes/s), but honeybee galeal GRNs had a lower rate of spiking on average than the GRN 1 of B. terrestris or B. pascuorum. The bumblebees' GRNs and the honeybee's galeal GRNs are the only GRNs in Figure 5B that exhibit bursting. Thus, we conclude that bursting in bee mouthparts GRNs is a mechanism for prolonged, rapid spike firing when the sensilla are in contact with food.
Bursting Is a Function of Sugar Identity and Concentration
To test the role of the burst pattern of spiking in concentration coding, we stimulated bumblebee A-type sensilla with a sucrose concentration series ( Figure 6A ). The rate of spiking of GRN 1 and GRN 2 (and, thus, the bursting) during the first 1 s after stimulus onset was a function of sucrose concentration. Sucrose concentrations R5 mM produced spikes from GRN 1. When the sucrose concentration was R10 mM, GRN 2 started firing, and we began to observe bursts in the spike trains (blue traces in Figures 6C and 6D , see STAR Methods for model fitting).
The monosaccharides, fructose and glucose, are also important constituents of floral nectar. Like sucrose, fructose and glucose evoked bursting ( Figure 6B ), but they did so at different threshold concentrations (GRN 1: Figure 6C , Table S2 , F 6, 184 = 65.5, p < 0.001; GRN 2, Figure 6D , Table S3 , F 6, 184 = 14.5, p < 0.001; see STAR Methods for model fitting and comparison). A comparison of the EC 50 values (i.e., threshold concentration that elicits spiking) between the three sugars for the GRN 1 revealed that sucrose was the best ligand at low concentrations (Table S2) . At higher concentrations when the GRN 2 spiking rate reached its asymptote, fructose evoked the highest spiking rate followed by sucrose and then glucose (Table S3) .
Higher concentrations of each of the sugars were required to activate GRN 2 than GRN 1 ( Figures 6C and 6D) . GRN 2 had a lower threshold for detection of sucrose and fructose than for detection of glucose (Table S3) and reached an asymptotic rate of spiking above 100 mM. At the asymptote, sucrose and fructose evoked a higher spiking rate from GRN 2 than glucose (Table S3 , glucose average firing rate was only $5 spikes/s at 100 mM glucose and $8 spikes/s at 1000 mM). The difference in threshold and asymptote for GRN 1 and GRN 2 indicates Figure S1G ) and averaged over recordings. B. pascuorum: n = 1-2 sensilla from 4 bees; B. terrestris: n = 1-2 sensilla from 15 bees; A. mellifera n = 1-2 sensilla from 5 bees.
that each is likely to house gustatory receptors with different sensitivities to sucrose, fructose, and glucose. Thus, activation of each neuron and burst patterns of spikes in these GRNs depends on both the concentration of the sugar stimulus and its identity.
Galeal GRN Sensitivity to Nectar Sugars Is Reflected in the Dynamics of Feeding Behavior One of the main functions of GRN input is to drive motor neurons that control feeding behaviors. To understand which features of the GRN activity were correlated with behavior, we tested how stimulation of the bumblebee's mouthparts with sucrose, fructose, and glucose affected the initiation and continuation of feeding. We first used an assay where stimulating the proboscis elicits the proboscis extension response (PER) to study feeding initiation (see STAR Methods).
On average, the PER was initiated within the first 1 s after stimulation ( Figure 6E, top) . The probability of producing the PER increased with concentration (Figure 6E , bottom; GLM, c 4 2 = 51.4, p < 0.001) and depended on the sugar used to stimulate the bee (GLM, c 2 2 = 5.83, p = 0.054). In general, fructose and sucrose were the most likely to produce the PER, and stimulation with fructose and sucrose elicited the PER at lower concentrations than glucose (least-squares difference, all p < 0.050). Thus, only concentrations that produce robust bursting in GRNs also evoke feeding initiation in bumblebees.
After the mouthparts contact a food source, the GRNs continue to instruct the neural circuits that are involved in feeding. We tested how stimulus identity and concentration affected the volume of food ingested and the structure of feeding behavior of bumblebees ( [35] ; see STAR Methods). The duration of the first feeding bout (i.e., first continuous contact of the mouthparts with the solution) increased as a function of sucrose concentration (Figures 6F and S4A ; GLM, c 5 2 = 77.0, p < 0.001). Bees tested with 100 mM sucrose solution stayed in contact with the solution for an average 8.4 ± 5 s; the first-bout duration of bees tested with the 1000 mM sucrose solution lasted $27 s ( Figures 6F and S4A ). The number of contacts the bees made with the solution also increased as a function of concentration ( Figure S4B ; GLM, c and (D) the rate of GRN 2 spiking (i.e., burst frequency) increased as a log-logistic function of sucrose, fructose, and glucose concentration. The EC 50 , or the point at which the rate of firing reaches half of its maximum value, is indicated by the ''x'' in each plot. N R 10 bees/sugar. (E) The probability of producing the proboscis extension reflex (PER) depended on stimulus concentration and sugar identity. Top: time to PER was 0.8 ± 0.6 s from stimulus onset (median ± IQR; dashed black line; data pooled across all three sugars and across all concentrations). Bottom: PER was evoked for fructose at concentrations > 250 mM, and for both sucrose and glucose at concentrations > 500 mM. n = 8/conc/sugar. (F) The amount of food consumed (during the first 10 min of the feeding period) was plotted against the time the proboscis was in contact with the food (during the first 2 min of the feeding period). The average value for the responses of bees to each of the sugars at each concentration (0, 1, 10, 50, 100, 1000 mM, from left to right) was plotted. Sample size: 7 % N < 13/conc/sugar. Error bars in (C), (D), and (F) represent standard error. See also Figure S4 and Tables S2 and S3. changes in feeding structure (first-bout duration and the number of feeding bouts) occurred for all three of the sugars we tested (first bout: GLM, c 2 2 = 3.38, p = 0.184; no. bouts: GLM, c 2 2 = 0.499, p = 0.799). Longer bouts of food contact also resulted in more food consumed ( Figures 6F and S4C , linear regression, R 2 = 0.579, t = 8.73, p < 0.001). Bees ate more of the high concentrations of the sugar solutions during the observation period ( Figures 6F  and S4D , linear regression t = 3.49, p = 0.001), and they ate more sucrose and fructose than glucose (linear regression, t = À4.35, p < 0.001). Thus, our data indicate that the sugars and concentrations that cause bursting also produce longer bouts of contact with solutions, permitting the bee to obtain more food.
DISCUSSION

Resistance to Adaptation through Gap-JunctionMediated Inhibitory Interactions
Lateral inhibition of one peripheral chemosensory neuron by another is likely to contribute to information coding. In Drosophila, olfactory sensory neurons responding to different monomolecular ligands exhibit lateral inhibitory interactions [2] . The activity of one neuron silenced the other only when it was stimulated with its specific ligand [2] . Through mutual inhibition, the rate of activation of the two olfactory neurons signaled information about the relative proportion of two ligands in an olfactory stimulus. In contrast, our data are the first to demonstrate that inhibition of one GRN by another produces a distinct bursting pattern of spikes that involves both neurons. Our data show that periodic inhibition of GRN 1 by GRN 2 permitted GRN 1 to maintain a high average rate of spiking over a longer period. Coherent bursts of spikes only occurred at concentrations of sucrose, fructose, and glucose that elicited feeding behavior. Burst firing has previously been defined as two or more spikes followed by a period of inhibition that results from mechanisms that are intrinsic to a neuron [36, 37] or from synaptic input from a neighboring neuron [38, 39] . Here, we show that peripheral chemosensory neurons burst because of interactions facilitated through gap junctions. Bursting in these neurons occurred when a single GRN 2 spike inhibited the ligand-dependent activity of GRN 1 for a period of up to 25 ms. By comparing the rate of adaptation of GRN 1 in the absence or presence of GRN 2 spikes, we found that bursting reduced the rate of adaptation in GRN 1, especially during the first 1 s of stimulation with 100 mM sucrose. These are the first data we know of that show that bursting is a mechanism that allows neurons to maintain high rates of firing.
Our data indicate that the temporal pattern of spiking that characterizes bursts in bee GRNs is mediated by gap junctions. Gap junctions facilitate the bidirectional movement of ions and metabolites, permitting one neuron to alter the potential of its joined neighbors [40] . When we blocked electrical synapses and then stimulated with 100 mM sucrose, we observed that GRN 1 spiked, but GRN 2 did not. The inhibitory period that defined the bursts was also suppressed. This provides further evidence that bursts of spikes occur because of the hyperpolarizing potential associated with spikes from GRN 2. The asymmetric inhibition of GRN 1 by GRN 2 probably indicates that the current flow facilitated by the gap junction is rectified due to differential resistance of each neuron, as observed in the crawfish and fruit fly giant fiber systems [40] [41] [42] .
Bursting in GRNs Correlates with Sugar Metabolic Value
In insects, GRNs synapse onto interneurons in the SEZ. Signals impinging on this network affect the balance of excitation and inhibition and coordinate the activity of motor neurons that generate proboscis extension and ingestion [43] . Our experiments clearly show that within the first 1 s of stimulation, the high concentrations that elicit bursting in the GRNs also initiate feeding. We note that the threshold for the production of bursting was 5-103 lower than the concentration needed to evoke the PER. For this reason, we expect that responses from GRNs distributed across the mouthparts are necessary to elicit the PER [17] .
While all three sugars we tested have metabolic value to bumblebees, sucrose has twice the value of either fructose or glucose, so it is perhaps unsurprising that its threshold for detection was lowest. Fructose at high concentrations evoked the most spikes and bursts and was most likely to elicit the PER. Fructose has additional value to bumblebees because it is used as a metabolic substrate by the flight muscles to produce shivering when bumblebees experience cold temperatures [44] . Bumblebees may also store energy in the form of haemolymph fructose [45] . The difference in the GRN responses to these three sugars could indicate that bees have evolved to code sugar identity through the burst activity of their GRNs.
Bursting: A Mechanism to Resist Adaptation and Maintain Continuous Feeding
In the insect gustatory system, one of the main functions of GRN input is to drive feeding behavior [6, 46] . When GRNs adapt, this could slow or stop the motor program of the mouthparts and cause an insect to remove its mouthparts from food. Moving sensilla in and out of contact with food substrates would be a way to repeatedly sample in order to be selective about food intake. For example, adult Drosophila feed on complex substrates that are composed of many compounds both toxic and nutritious. When feeding on sucrose, fruit flies repeatedly take little sips of 130-160 ms long with an interval of 80 ms between each sip [47] . The fly proboscis rarely remains in contact with the substrate for longer than 200 ms [47] . Strikingly, a single GRN in each mouthparts' sensilla of Drosophila fires rapidly for the first 100-150 ms of stimulation with sucrose and then adapts to a steady state of firing by 200 ms during prolonged stimulation ( Figure 5; [30] ). Fly GRN periods of brief but high rates of firing followed by rapid adaptation therefore strongly correlate with the structure of proboscis contact with food.
A correlation between GRN firing rate and food contact duration was also evident in our data. Bee galeal GRNs maintain a high rate of firing due to coherent bursting; this is especially apparent in the first 1 s of stimulation but is maintained for up to during 7-10 s of stimulation with 100 mM sucrose. As in flies, the mean duration of the first bout of continuous contact with 100 mM sucrose was directly correlated to this time interval (mean = 8 ± 5 s). In contrast to flies, bee GRNs maintain a high rate of firing, and their mouthparts stay in contact with food much longer during their first feeding bout. Through this comparison with Drosophila, we conclude that the high rates of GRN spiking that occur when bee GRNs burst makes it possible for bees to maintain contact with food during feeding. Bees drink floral nectar, which is mainly composed of concentrated sucrose, glucose, and fructose. In a 2 min observation period, bees make few contacts with food ($33) but can consume as much as 45-50 mL of sugar solution. Perhaps acquiring food quickly through continuous feeding is most important for bees, as they compete with other pollinators for access to floral resources.
Our data clearly show that the sustained rate of firing was due to the burst structure caused by the interaction of the two GRNs and that this mechanism is common to other bee species. This is the first report we know of where bursting in neurons of any kind functions as a mechanism to resist adaptation. The way that GRN input is assembled by the SEZ to control the proboscis is slowly being revealed using models like Drosophila. Among insects, bees have the fewest genes for gustatory receptors [48] .
Our data show that bees have unique mechanisms for encoding gustatory information. Identifying the limits of the bee gustatory system may reveal insights into the gustatory code that are unavailable in other model organisms.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Geraldine A. Wright (jeri.wright@ncl.ac.uk).
EXPERIMENTAL MODEL AND SUBJECT DETAILS Bees
Experiments were performed on female (worker) Bombus terrestris audax (Koppert Biological Systems, NATURPOL, Netherlands), collected as they tried to exit the colony. Colonies were maintained at 24 ± 1 C and 28% ± 1% relative humidity with natural light conditions, and fed commercial pollen and sugar solution bee food. Bombus pascuorum have been provided by Hauke Koch and Phil Stevenson from their rearing established at Kew Botanical Garden, UK. Bombus hortorum and Bombus lapidarius were caught while foraging on flowers around Newcastle University in Newcastle upon Tyne, UK Honeybees (Apis mellifera var. Buckfast) were obtained from free-flying outdoor colonies originally obtained from the U.K National Bee Unit (Sand Hutton, Yorkshire).
METHOD DETAILS Transmission Electron Microscopy (TEM)
TEM was done at the Electron Microscope Research Services, Newcastle University. The distal 1 mm of adult female worker galea were ablated and fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer overnight at 4 C. Samples were then washed with cacodylate buffer (3 3 15 min washes) and left in the buffer overnight at 4 C. Samples were then fixed in 1% osmium tetroxide in deionised water for 1 hr. After washing with deionised water (2 3 15 min washes), samples were dehydrated in increasing concentrations of acetone in deionised water (25% acetone for 30 min, 50% for 30 min, 75% for 30 min, 2 3 100% for 1 hr). A TAAB epoxy medium resin kit (TAAB Lab Equiptment, UK) was used to impregnate the samples with increasing concentration of resin in acetone (25% resin for 1 hr, 50% for 1 h, 75% for 1 h, 100% for 1h). After leaving overnight in a rotator, the samples were impregnated again with resin (2 3 100% resin for 1h, 1 3 100% resin for 3 hr). Samples were then embedded in capsules in 100% resin and placed in 60 C oven for 24-36 h. Embedded samples were then sectioned using a diamond knife on an ultramicrotome (Leica EM UC7, Leica UK Ltd). 70 nm sections were stretched with chloroform to eliminate compression and mounted on Pioloform-filmed copper grids. Grids were stained using 2% aqueous uranyl acetate-lead citrate (supplied by Leica). Grids were examined using a Philips CM 100 Compustage (FEI) Transmission Electron Microscope and digital images collected using an AMT CCD camera (Deben, UK). REAGENT 
Electrophysiological recordings
To obtain recordings from galeal sensilla, bees were first chill-immobilized and harnessed as described in [50] . To prevent movement, mouthpart nerves were then severed by making an incision at the base of the mouthparts. The galea were then oriented with the help of wire pins on a wax base. Two recording methods were used to monitor the activity of GRNs at the level of the sensillum: 1) The tip electrode technique [51] where a capillary electrode filled with tastant solution in demineralized water (no electrolyte used) placed at the tip of the sensillum, and 2) a sharpened tungsten electrode inserted punctured $1 mm into the base of the sensillum. Electrodes were positioned using a motorized micro-manipulator (MPC-200, Sutter Instrument, USA). A minimum latency period of 3 min was allowed between stimulations from the same sensillum to avoid adaptation. To measure responses from the maxillary nerve, a 25 mm OD tungsten wire was used, with $0.5 mm of the polyamide insulation removed from the tip. The wire was pushed into the base of an ablated galea, until it reached a position $2 mm from the tip of the galea (near the maxillary palp), and was positioned close to the maxillary nerve. This wire was connected to a headstage (AM-systems 1800, USA). Sensilla were stimulated using the tip recording technique. The tip electrode was connected to a TastePROBE amplifier (SYNTECH, Germany; Marion-Poll & van der Pers, 1996), which was in turn connected to an AM-systems 1800 amplifier. Signals from the recording electrodes were pre-acquisition filtered between 10 Hz-10 kHz and a gain of 100x was applied. Signals were then digitized (DT9803 Data Translation) and acquired using DbWave (version 4.2014.3.22) . Acquired signals were imported into MATLAB R2016a (The Mathworks) for analysis. Using MATLAB, stimulus onset and offset were determined by the contact artifacts from the tip electrode recording. Signals were filtered in the appropriate pass-band using a 2nd order Butterworth filter. Band-stop filters constructed using a 1 Hz window around 50, 100, 150 and 200 Hz were used to remove line noise frequencies. Filtered signals were then normalized to their noise estimates, calculated as 1.48 times the median absolute deviation (MAD) of the filtered signal. The MAD is a measure similar to the standard deviation (SD), but is not sensitive to the presence of outliers in the dataset. 1.48 is a constant that is used when the distribution is normal, as is the case for the distribution of noise frequencies.
Pharmacology Sensilla were initially stimulated with 100 mM sucrose using the tip electrode recording method. Following this, a capillary electrode filled with either water, carbenoxolone disodium salt (1 mM, 5 mM or 10 mM) or NaCl (20 mM) was placed on the tip of the sensillum for 2 min. A minimum of a 5 min period was allowed for the GRNs to recover before stimulating again with 100 mM sucrose.
Behavior
Two assays were used to study bee feeding behavior in response to stimulation with sugars. In the first assay, a modified version of the proboscis extension reflex assay (PER, Kuwabara, 1957) was used to examine the initiation of feeding. To measure behavioral responses in function of sugar concentrations, bumblebees were harnessed and starved for 3 to 8 h at room temperature in a dark environment. Mouthparts were stimulated with a droplet of tastant stimuli of varying concentrations. Behaviors were video recorded with a digital microscope (Dino-Lite AM4815ZT, UK), and a custom-made MATLAB program was used to track the position of the mouthparts. This was done by defining a movement threshold as two times the maximum movement obtained from the water stimulus. To test whether the probability of eliciting movement of the proboscis or the PER behaviors depends on concentration and sugars, separate logistic regressions were fitted to the data for each behavior. In the second assay, the feeding behavior was assessed using a protocol for individual, freely moving bumblebees (for a detailed protocol see [35] ). Briefly, individual bees were collected from commercially reared colonies and starved for $4 h in a plastic holding vial. Each bee was transferred to a testing arena (a modified 15 mL centrifuge tube). The testing arena had a digitial microscope camera positioned at the end where testing was performed. Bees were baited using a 1 M sucrose solution to teach them to extend their proboscis. The test solution was applied in a microcapillary tube within 30 s of the bait solution and the behavior of the bee was recorded for 2 min. The volume of solution consumed in the 2 min period was recorded by scanning the microcapillary tube before and after the test. The following behaviors were scored from the video offline: proboscis extended, contact with solution, or bee out of frame of video (as in [35] ). Data for the number of contacts, duration of the first feeding bout, and the total time in contact with the solution were analyzed from the videos using generalized linear modeling in SPSS.
QUANTIFICATION AND STATISTICAL ANALYSIS
The number of bees (N) along with the number of sensilla used per bee for the various analyses are mentioned either in the main text or in the figure legends for each experiment. One-way analysis of variance (ANOVA) and linear regression were only used if the variance between groups was not significant (i.e., p > 0.05 using Bartlett's test for equal variances and p > 0.05 using Shapiro-Wilks test for normality). If a 1-way ANOVA indicates that the groups have different means, then the MATLAB function multcompare was used to do post hoc multiple comparisons. All models (ANOVA, linear regression, GLMs and least square differences) were fitted with either MATLAB, R or SPSS and were checked for the appropriate distribution of residuals.
Spike Sorting
Spike waveforms obtained from both the tip and tungsten electrodes were sorted using a semi-automated, model-based spike sorting method [21, 22] that has been used for spike sorting of gustatory recordings in M.sexta [17] , implemented in MATLAB by the lab of Dr. Mark Stopfer (e.g., see [52] ). This method can be divided into two steps: clustering and classification. In the clustering step, spike waveforms are first detected from a 0.1-1.1 s window after stimulus onset. A series of thresholds are then used to 1) choose a window around the peak of the spike waveform to use for comparisons, 2) remove a segment around the peak of each action potential, and 3) remove superposition waveforms that lie outside a threshold standard deviation envelope around the waveforms. Noisy waveforms can arise due to artifacts in the recording, or from superposition features that arise when multiple neurons fire action potentials very close together such that their waveforms add together. A principal component analysis (PCA) is then done on the segments of the spike waveforms that remain after these three steps of thresholding. The first 5 principal components are then used to divide the dataset into two clusters, since there was evidence of at least two separate GRNs active in the 100 mM sucrose recordings. The quality of clustering was estimated by 1) plotting the residuals of each cluster (average of differences between each spike waveform from the median waveform of the cluster). Recordings are only used if the residuals fall near a 95% confidence interval set around the noise estimate for the trace. 2) A Fisher's Linear Discriminant Analysis (LDA) between the two clusters using the 5 principal components obtained from the PCA. The Fisher's LDA projects data onto the axis that is best for separation of different clusters. If clusters are not well separated, the LDA reports a small 'distance' value between the two clusters. Recordings are used only if the Fisher's LDA yields a distance > 4. The median spike waveform of each cluster was used as the cluster template.
In the classification stage, each spike waveform in the recording is attributed to a cluster. First, superposition waveforms are detected. This is done by setting a Mahalanobis distance threshold; any waveform having a distance greater than this threshold is considered a superposition spike. Superposition spikes are then classified to superposition templates, while the remaining spikes are classified to the cluster templates, using a minimum Euclidean distance measure. To estimate the quality of classification, the percentage of Type-1 and Type-2 errors are obtained, which result from 1) false positives from refractory period violations, 2) false positives and false negatives due to overlap between both clusters, and 3) false negatives due to missed spikes from thresholding during detection. If the cumulative errors fell under 10% of the dataset, the recording was considered well classified and was used for analysis. The same procedure was followed for sorting spikes obtained from the single channel tip recordings. For 30 s recordings, only spikes in the 1-30 s duration from stimulus onset were used for sorting, and for 5 s recordings the spikes in the 1-3 s duration were used.
Frequency analysis
To measure the frequency of oscillations, recordings were first bandpass filtered between 10-3000 Hz. Then, Welch's averaged periodogram method was used to estimate the Power Spectral Density (PSD) of the recording trace, using a Hanning window of 6000 samples and a 300-sample overlap, for 0.1 Hz increments between 10-100 Hz. For tungsten recordings, the PSD was estimated for three time windows: 0.7 to 0.2 s before stimulus onset, 0.1 to 0.6 s after stimulus onset and 0.2 to 0.7 s after stimulus offset. The values presented in the figures are powers scaled by the equivalent noise bandwidth of the window.
Burst detection
End of burst positions (i.e., spiking events that were positioned at the end of each burst) were detected from the inter-spike intervals (ISIs) of a recording. The ISI for each spike event was calculated as the duration following the spike until the subsequent spike event. ISIs less than 0.002 s were first removed. A logarithmic curve having equation y(x) = a*log(b*x+c) was fit to the spike timestamps (i.e., the position, in seconds, of each spike event; x) versus ISI (y). The lower and upper limits of a,b and c were set as 0 and infinity, respectively. Weights proportional to 1/y (inverse of ISI) were used, and the fit was made using robust least-squares regression. A spike was considered as an end of burst spike if its ISI exceeded a value of 2 times the fit at that time point. ISIs were only detected from traces having a minimum of 4 spikes, otherwise the trace was considered to have no bursts. See Figure S1G for example.
Spike and burst frequencies in function of concentration
To evaluate the effect of the sugar concentrations on the spiking and bursting rates generated by the GRNs, a 3-parameters loglogistic model of the form: fðxÞ = b 1 + e aðlogðxÞÀlogðcÞÞ was fitted to the data with the drm command from the R (3.3.3) package drc [49] . x denotes the dose (i.e., concentration), f(x) denotes the response (i.e spike frequency), a denotes the steepness of the dose-response curve, b denotes the upper asymptote or the maximum response, and c denotes the EC 50 (i.e., the concentration where 50% of the maximum response is reached). The effect of the sugar treatments was assessed by testing the change in deviance (using F-tests) between the minimal model (where all the sugars where grouped in one factor level) and the maximal model (where each sugar was considered as a separate factor level). F-tests between these two nested models were computed using the ANOVA command [49] . Significant differences between the sugar models for the c parameter (EC 50 ) and the b parameter (upper asymptote) were assessed using the compParm command.
